Major histocompatibility complex (MHC) class II molecule-expressing cells and macrophages play a pivotal role in mediating the host tissue response to biomaterials. This study investigated the responses of these cells to epoxy resin-based and 4-META-containing, methacrylate resin-based endodontic sealers (AH Plus and MetaSEAL respectively) in rat connective tissue. Silicone tubes loaded with one of the sealers or solid silicone rods (control) were subcutaneously implanted in male Wistar rats for three time periods of 7, 14, or 28 days. Tissue specimens were immunoperoxidase-stained for MHC class II molecules and CD68 (a general macrophage marker). Results showed that AH Plus-implanted tissue displayed significantly more MHC class II-positive cells than the control at 14 and 28 days, whereas MetaSEAL-implanted tissue showed significantly more CD68-positive cells than both AH Plus-implanted tissue and the control at all time periods. It was concluded that the epoxy resin-based sealer induced the infiltration of MHC class II molecule-expressing cells, whereas 4-META-containing, methacrylate resin-based sealer elicited macrophage infiltration.
INTRODUCTION
Root canal sealers are placed in close contact with periapical tissues, so they must be well tolerated by the host. However, their tissue compatibility is compromised if some of their components act as antigens or haptens which are able to elicit immune responses 1) . Histological studies on subcutaneous [2] [3] [4] [5] [6] [7] [8] and periapical 9) tissue reactions have shown varying degrees of inflammation being elicited by different sealers. To gain more insight on host response to root canal sealers, it is important and necessary to evaluate their inflammatogenic and immunogenic properties.
AH26 (De Trey Fréres SA, Zurich, Switzerland), an epoxy resin-based root canal sealer, has been widely used because of its good physical characteristics and handling property 1) . However, freshly mixed AH26 releases formaldehyde during polymerization 1, 10) , causing much concern about its toxicity. AH Plus (Dentsply DeTrey, Konstanz, Germany), the successor, releases minimal formaldehyde during setting 10) and has since gained wide acceptance. Apart from retaining the good mechanical properties of its predecessor, AH Plus is also characterized by low solubility 11, 12) and good long-term sealing ability 13, 14) . Numerous studies have been conducted to assess the biocompatibility of AH Plus but have yielded conflicting results. On the one hand, some in vitro studies showed that the cytotoxic effects of AH Plus were milder than those of zinc oxide-eugenol and methacrylate resin-based sealers, and were detectable only during the early period after mixing [15] [16] [17] [18] . In vivo subcutaneous implantation studies also showed that AH Plus caused tissue irritation only during the initial post-implantation period 4, 6) . On the other hand, some studies found that AH Plus demonstrated cytotoxicity and mutagenicity in vitro [19] [20] [21] [22] . An in vivo study also found that AH Plus caused abscess formation at early post-implantation period 7) . To take maximum advantage of the good adhesive properties of methacrylate resin, methacrylate resinbased root canal sealers of different formulations have been developed 23) . MetaSEAL (Parkell, Farmington, NY, USA) is a dual-curable, self-etching, methacrylate resinbased sealer which includes 4-methacryloyloxyethyl trimellitate anhydride (4-META) as an adhesive monomer. When compared to other contemporary methacrylate resin-based sealers such as EndoREZ (Ultradent, South Jordan, UT, USA) and RealSeal (SybronEndo, Orange, CA, USA), the cytotoxic effects of MetaSEAL were weaker and lasted for a shorter duration 24) . When compared with AH Plus, MetaSEAL reportedly demonstrated comparable sealing performance 25) . In terms of biocompatibility, in vitro studies showed that the cytotoxicity of MetaSEAL was initially higher than that of AH Plus but decreased over time to a comparable level 17, 18) . Our recent in vivo study also showed that MetaSEAL induced a milder neutrophil infiltration in rat subcutaneous tissue than a zinc oxide-eugenol sealer 8) . Major histocompatibility complex (MHC) class II molecule-expressing cells serve as antigen-presenting 26) . Therefore, the response of MHC class II molecule-expressing cells is a good indicator of a biomaterial's immunogenic potential 8) . Macrophages are the dominant infiltrating cells that respond rapidly to biomaterial implantation in soft and hard tissues. Upon activation, macrophages participate in immune responses and initiate inflammatory and foreign body reactions 27) . In this study, we examined the in vivo responses of MHC class II molecule-expressing cells and macrophages to AH Plus and MetaSEAL implanted in rat subcutaneous tissue. We hypothesized that these cells would show different responses to the two types of resin-based sealers.
MATERIALS AND METHODS
All experiments of this study were approved by and performed according to the Guidelines of the Niigata University Intramural Animal Use and Care Committee.
Animal preparation
Eighteen 4-week-old male Wistar rats were randomly divided into three groups according to the test period (7, 14, or 28 days). Material implantation was performed according to methods previously described 8) . The animals were anesthetized intraperitoneally with 8% chloral hydrate (350 mg/kg). To create surgical cavities on each animal's back, four 0.5-cm incisions were made 2 cm from the spine and at least 3 cm apart.
Root canal sealers were mixed according to manufacturers' instructions just before implantation. MetaSEAL was prepared by mixing three drops of liquid and one level scoop of powder and light-cured for 30 s using a light curing unit (Pencure, J. Morita, Kyoto, Japan). AH plus was prepared by mixing equal volume units (1:1) of Paste A and Paste B. Sealer ingredients of MetaSEAL and AH Plus are shown in Table 1 .
Silicone tubes (Tigers Polymer Co., Osaka, Japan) of 3 mm length, 1 mm inner diameter, and 3 mm outer diameter were sterilized by autoclaving. After each was loaded with a freshly mixed root canal sealer, loaded silicone tubes were inserted into the surgical cavities created on each animal's back. Solid silicone rods of the same dimensions (Sanplatec Corp., Osaka, Japan) were also implanted as negative controls. Incisions were sutured with 4-0 silk thread (Mani, Tochigi, Japan).
Tissue preparation
Each group of animals were killed by anesthesia overdose at the end of each time period (7, 14, or 28 days). The implants and surrounding tissues were carefully removed and fixed in 4% paraformaldehyde for 24 h. Serial longitudinal frozen sections of 8 μm thickness, which were cut parallel to the long axis of the tubes, were obtained from the central part of each implant. These sections were subjected to hematoxylin and eosin (H-E) staining and immunohistochemical analysis.
Immunohistochemical staining
Immunoperoxidase staining was performed using three primary antibodies: OX6, ED1, and W3/13 8) . OX6 (Serotec, Oxford, UK; diluted 1:4000) is a monoclonal antibody against rat MHC class II molecules 28) . ED1 antibody (Serotec; diluted 1:200) is a general macrophage marker that recognizes CD68 29) . W3/13 (Serotec; diluted 1:200) is a CD43 antibody reactive to neutrophils, plasma cells, and T-lymphocyte subpopulations 30) . After blocking endogenous peroxidase activity with 0.3% hydrogen peroxide in methanol for 30 min, the sections were incubated overnight with one of the primary antibodies at 4°C. On the next day, the sections were sequentially incubated with biotinylated horse anti-mouse IgG (Vector Laboratories, Inc., Burlingame, CA, USA) for 2 h at room temperature, and avidin-biotin peroxidase complex (Elite ABC Kit, Vector Laboratories, Inc.) for 30 min at room temperature. Immunoreactivity was visualized using DAB Substrate Kit (Vector Laboratories), and counterstaining was performed with methyl green.
Negative control staining was performed by replacing the primary antibodies with phosphate-buffered saline. 
Cell count
Representative sections were chosen from the most central area of each implantation site (one section per root canal sealer or control per animal). Positively stained cells which were immunopositive to each antibody were quantified within a field (1.2×0.8 mm) located just beneath the tube opening 8) . Data were statistically analyzed using KruskalWallis test and Steel-Dwass test at a significance level of 0.05.
RESULTS

Histological findings
For each root canal sealer or control and at each time period, the implants were encapsulated by fibrous connective tissue, which became more evident as the observation period increased (Fig. 1) . AH Plus-implanted specimens (Figs. 1g, h , and i) displayed thicker fibrous encapsulation than MetaSEAL and the control.
The area in contact with each sealer showed varying degrees of inflammatory reaction, which was characterized by the infiltration of macrophages, a relatively small number of neutrophils, and occasional T-lymphocytes. The inflammatory reaction subsided with time, but remained detectable after 28 days (Figs.  1c, f, and i) . The control specimens (Figs. 1a, b , and c) displayed less intense inflammatory cell infiltration than both types of root canal sealer-implanted specimens.
Immunohistochemical findings
Staining for MHC class II molecules and CD43 were present on the cell membrane, while CD68 showed a distinct granular cytoplasmic staining pattern, as described previously 8, 31) . Negative control staining did not reveal any specific immunoreaction.
AH Plus-implanted tissue (Fig. 2g ) was densely populated with MHC class II molecule-expressing cells of different sizes and morphologies (round, oval, elongated, and irregular-shaped). These cells were predominantly distributed in the area in contact with the sealer, and most of them were identified as macrophages. Dendritic-like cells and a small number of endothelial cells and lymphocyte-like cells also showed MHC class II immunoreactivity. For MetaSEAL-implanted and control tissue specimens, MHC class II-positive cells with macrophage-like morphology were detected (Figs. 2a and d) .
The infiltration of CD68-positive cells with round, oval, and irregular morphologies was particularly pronounced in MetaSEAL-implanted tissue. These cells were predominantly distributed in the area in contact with the sealer as well as around eluted root canal sealer material (Fig. 2e) .
CD43-positive cells were scattered throughout the area around the silicone tube openings of MetaSEAL and AH Plus (Figs. 2f and i) . The majority of these cells were identified as neutrophils 8, 31) . Occasional mononuclear cells that showed CD43 immunoreactivity were also detected. Cell count AH Plus-implanted tissue showed significantly higher quantities of MHC class II-positive cells than the control tissue at 14 and 28 days (p<0.05) (Fig. 3a) . MetaSEAL-implanted tissue showed a significantly higher number of CD68-positive cells than the other specimens at all time periods (p<0.05) (Fig. 3b) . AH Plus-implanted tissue showed a significantly higher number of CD43-positive cells than the other specimens at all time periods (p<0.05) (Fig. 3c) .
DISCUSSION
Biomaterials, such as root canal sealers, can initiate complex biological reactions in host tissues as a result of their dissolution, degeneration, and/or fragmentation. Cell-material interactions then induce the release of mediators involved in the recruitment of different types of inflammatory/immunocompetent cells including macrophages and MHC class II-expressing cells 27) . Subcutaneous implantation is a preclinical evaluation method widely used to test the biocompatibility of different types of biomaterials such as root canal sealers and bioceramics [2] [3] [4] [5] [6] [7] [8] [32] [33] [34] . This method is considered reliable because inflammation is a characteristic feature for all connective tissues 33, 34) . Therefore, subcutaneous implantation was employed in this study to evaluate connective tissue reactions induced by resin-based sealers. Although the inflammatory reaction of subcutaneous connective tissue may be more severe than that of periapical tissue at the beginning due to wider material-tissue contact, it lasts a shorter duration due to better circulation 33, 34) . MHC class II molecule-expressing cells play a pivotal role in the initiation of T-cell responses by acting as antigen-presenting cells 26) . Macrophages play a critical role in various aspects of host-material interactions by participating in immune responses, inflammation, phagocytosis and foreign body responses 27) . Therefore, the in vivo responses of these cells would serve as good indicators of the inflammatogenic and immunogenic potential of resinbased root canal sealers. Immunohistochemical staining was employed in this study to quantify the presence of MHC class II molecule-expressing cells and macrophages at the implantation site 8) . MetaSEAL showed significantly higher quantities of CD68-positive cells than AH Plus at all time periods (Fig. 3) . This indicated that AH Plus and MetaSEAL elicited tissue responses differently in terms of the degree of macrophage infiltration. Thus, our hypothesis that methacrylate resin-based and epoxy resin-based sealers would elicit different responses was accepted. Moreover, the numbers of MHC class II-positive cells in AH Plus-implanted tissue and CD68-positive cells in MetaSEAL-implanted tissue were significantly higher than those in the control tissue at most time periods. This indicated that neither sealer was ideally biocompatible and that both induced sustained tissue reaction characterized by the infiltration of the abovementioned cell types.
MHC class II molecules are expressed in antigenpresenting cells, which mainly comprise dendritic cells and macrophage subpopulations that has been differentiated into expressing these molecules 26, 35) . Antigen-presenting cells aid the initiation of T-cell responses by uptaking, processing, and presenting antigens to T lymphocytes 26) . Thus, the level of MHC class II molecule expression reflects a sealer's immunogenic potential. In this study, AH Plusimplanted tissue showed significantly higher quantities of MHC class II-positive cells than the control tissue at 14 and 28 days. Although AH Plus had low solubility 11, 12) , this finding suggested that some component(s) in AH Plus eluate induced the infiltration of MHC class II molecule-expressing cells. These components might also directly or indirectly induce MHC class II molecule expression on macrophages, thereby leading these cells to acquire antigen presentation capacity 26) . Bisphenol-A-diglycidyl ether, a base resin of AH Plus, had reportedly caused immediate and delayed allergic reactions after occupational exposure to this chemical 36) . The understanding of the response of MHC class II moleculeexpressing cells to a sealer could be refined by evaluating their responses to individual sealer components.
CD68 is a general macrophage marker that labels various macrophage subpopulations including those differentiated into active phagocytes, antigen-presenting cells, and inflammatory macrophages 29) . In the present study, MetaSEAL-implanted tissue showed a higher degree of CD68-positive cell infiltration than AH Plusimplanted and control tissues. This finding indicated that MetaSEAL preferentially induced macrophage activation, which agreed with previous findings that a 4-META-containing methacrylate resin induced macrophage accumulation when applied to exposed vital pulp tissue 37, 38) . The mechanism responsible for this phenomenon of sustained macrophage infiltration in MetaSEALimplanted tissue remained unclear. One possible explanation was that MetaSEAL particles were not well digested by macrophages and were thus prone to induce foreign body reaction. 4-META also reportedly stimulated macrophages to secrete the proinflammatory cytokine interleukin-1β 39) , which could influence the tissue reactions caused by 4-META-containing resins. MetaSEAL might also release unpolymerized hydrophilic monomers such as 2-hydroxyethyl methacrylate (HEMA), which reportedly possessed inflammatogenic and adjuvant properties 40) . In the present study, AH Plus induced the recruitment of a higher number of CD43-positive cells (mostly neutrophils) than MetaSEAL. This finding was not consistent with previous subcutaneous implantation studies where no significant neutrophil increase was detected in AH Plus-implanted tissues 6, 7) . This discordance could be caused by the different assessment method used in the present study. Immunohistochemical assessment could be more sensitive than the scoring systems used in previous studies 6, 7) . On the other hand, AH Plus was reported to upregulate cyclooxygenase-2 mRNA expression in cultured osteoblastic cells 21) , which might contribute to the capacity of AH Plus to modulate inflammatory processes including neutrophil infiltration. However, it remained unclear which component(s) of AH Plus induced neutrophil infiltration.
CONCLUSIONS
Under the present experimental conditions, epoxy resin-based sealer induced the infiltration of MHC class II molecule-expressing cells and neutrophils, while 4-META-containing, methacrylate resin-based sealer preferentially elicited macrophage infiltration.
